. "Oxygen isotope evidence for subduction and rift-related mantle metasomatism beneath the Colorado Plateau-Rio Grande rift transition." (2006). doi:DOI 10.1007/s00410-006-0075-6. O carbonatitic melt derived from subducted ophicarbonate. Similar isotopic signatures of metasomatism are seen throughout the Rio Puerco xenolith suite and at Kilbourne Hole in the southern Rio Grande rift. The discrete metasomatic components likely originated from the subducted Farallon slab but were not mobilized until heating associated with Rio Grande rifting occurred. Oxygen diffusion modeling requires that metasomatism leading to the isotopic disequilibrium between calcite and pyroxene in the pyroxenites occurred immediately prior to entrainment. Melt infiltration into spinel-facies mantle (xenoliths) prior to eruption was thus likely connected to garnet-facies melting that resulted in eruption of the host alkali basalt.
Introduction
The Rio Puerco Volcanic Field (RPVF) in New Mexico straddles the boundary between the Colorado Plateau to the west and the Rio Grande rift to the east (Fig. 1a) . Pliocene alkali basalts from the Rio Puerco field bring abundant mantle xenoliths to the surface, providing samples of the subcontinental mantle lithosphere in a region that has been profoundly modified by Tertiary tectonism. Although the surface expressions of the Laramide orogeny and Rio Grande rifting are obvious, the effects of these events on the composition of the mantle lithosphere are not well known. Xenoliths from the Colorado Plateau and from a few localities within the Rio Grande rift have been studied in detail (see Wilshire et al. 1988 for an overview), but the RPVF has been largely overlooked despite its transitional tectonic setting.
Although most mantle peridotite xenoliths show a narrow range in oxygen isotope compositions (Mattey et al. 1994) , some localities display variations from typical mantle values. Subduction-related processes have been called upon to explain unusual oxygen isotope compositions in mantle-derived basalts and xenoliths from many geologic settings, including those not associated with active subduction zones such as ocean island hot spots and mid-ocean ridges (Eiler et al. 1997 (Eiler et al. , 2000 Lassiter and Hauri 1998; Cooper et al. 2004; Xia et al. 2004; Macpherson et al. 2005) . Eclogite xenoliths, which are generally interpreted as remnant oceanic crust, have been found to retain both high and low oxygen isotope compositions in the mantle for over 1 B.y. following subduction (MacGregor and Manton 1986; Ongley et al. 1987; Eiler 2001) . Oxygen isotope geochemistry thus provides a means of identifying melt or fluid derived from subducted oceanic crust.
This study presents oxygen isotope compositions of mineral separates from 34 pyroxenite and spinel lherzolite xenoliths from 6 volcanic necks in the RPVF. The xenolith suite from the RPVF is unusual among xenolith localities in that it includes a wide range of modal compositions, an unusually high proportion of pyroxenite xenoliths, a range of metasomatic and oxidation features, and many xenoliths that contain carbonate as a primary phase. Using oxygen isotope geochemistry of the RPVF xenoliths, this study seeks to link textural observations with oxygen isotope variations to constrain the timing and source of the metasomatic agents at the Rio Grande Rift-Colorado Plateau transition. These results are compared to other oxygen isotope data from mantle xenoliths from Kilbourne Hole (this study), in the southern Rio Grande rift (Kyser et al. 1981) , and the Colorado Plateau (The Thumb: Mattey et al. 1994) . The petrogenesis of pyroxenites in the mantle remains poorly understood, and oxygen isotope geochemistry in conjunction with petrologic constraints may elucidate possible origins. This study contains the largest number of mantle xenolith samples from a single locality ever analyzed for oxygen isotope composition, thereby providing an opportunity to examine the heterogeneity among oxygen isotopes in the mantle over a small scale.
Tectonic history and geologic setting
The RPVF is located in central New Mexico, between the Colorado Plateau and the Rio Grande Rift (Fig. 1a) . This region has experienced several tectonic events following accretion to North America at 1.6-1.7 Ga (Condie 1986 ). The latest tectonic event occurred in the last 30 M.y. with extension and opening of the Rio Grande Rift, a series of north-south trending grabens reaching from the Colorado-Wyoming border to northern Mexico (Keller et al. 1991) . Both the crust and lithosphere are unusually thin beneath the Rio Grande Rift (30-40 km, 45-55 km, respectively), based on recent seismic transects West et al. 2004; Wilson et al. 2005a, b) . At a depth of 100 km, seismic velocities beneath the Rio Grande Rift are $3-4% slower than the adjacent Colorado Plateau and Great Plains , suggesting a large temperature or compositional contrast, and/or the presence of partial melt beneath the rift. However, the 410 and 660 km discontinuities are not deflected beneath the rift, indicating the thermal and/or compositional anomaly is a feature of only the uppermost mantle (Wilson et al. 2005a) . Rift-related volcanism shows a temporal shift in e Nd from low (À8 to +2) to high (+4 to +8) values, reflecting a change from enriched to depleted mantle source regions (McMillan 1998) . This shift in source regions may indicate a transition from a lithospheric mantle to asthenospheric source for melt generation (Perry et al. 1987 (Perry et al. , 1988 . Together, the seismic data and radiogenic isotope data suggest crustal and lithospheric thinning, asthenospheric upwelling, and high temperatures and/or partial melt beneath the Rio Grande Rift.
To the west of the RPVF, the Colorado Plateau is characterized by high elevations and minimal tectonic activity since the Cretaceous, although the Colorado Plateau may have rotated en masse as a semi-stable microplate during this interval (Cather 1999; Wawrzyniec et al. 2002) . Seismic profiles across the Colorado Plateau suggest unusually thick crust (42-55 km) and lithosphere (120-150 km or more) West et al. 2004) . A cold and depleted mantle root has been proposed to account for the tectonic stability of the Colorado Plateau (Smith 2000; Lee et al. 2001) . Although present in the Four Corners region, Tertiary volcanism is uncommon in the Colorado Plateau and is largely limited to its periphery. The southeastern margin of the Colorado Plateau coincides with the Jemez lineament, a series of Tertiary volcanic centers trending NE-SW characterized by high heat flow and low seismic velocities (Aldrich and Laughlin 1984) . Although the nature of the Jemez lineament is enigmatic, it parallels the regional Precambrian fabric, leading to speculation that preexisting structural weaknesses facilitated volcanism (Karlstrom and Humphreys 1998; Shaw et al. 1998) .
The most recent subduction event in southwestern North America is associated with the Laramide orogeny in the late Cretaceous and early Tertiary. Although the RPVF is located over 1,500 km from the continental margin, it is generally accepted that low-angle subduction of a young and buoyant Farallon oceanic plate induced orogenesis well within the continental interior (Atwater 1970; Coney and Reynolds 1977; Bird 1988) . It is generally thought that the oceanic slab was located directly beneath the subcontinental mantle lithosphere, displacing the overlying asthenospheric mantle wedge and maintaining relatively cold temperatures in the overlying lithosphere (Dumitru et al. 1991; Smith 1995; Riter and Smith 1996; Humphreys et al. 2003) . Seismic imaging suggests a foundering slab currently at depths of $600 km (Van der Lee and Nolet 1997; Bunge and Grand 2000) . The removal of the slab from the base of the lithosphere and resultant influx of asthenosphere may be associated with the high topography of the Colorado Plateau and extension of the Rio Grande Rift (Humphreys et al. 2003) .
The pyroxenite and lherzolite xenoliths of this study occur in Pliocene alkali basalt volcanic necks in the RPVF (Fig. 1b) , dated at 4.49-2.05 Ma (Hallett et al. 1997) . The petrology and geochemistry of the host basalts are detailed in Hallett (1994) . Normal faults in the RPVF region are associated with extension at the western margin of the Rio Grande Rift; these both predate and locally postdate volcanism, indicating ongoing rifting (Hallett et al. 1997) . Mantle xenoliths are present in approximately half of the $50 volcanic necks in the RPVF (Hallett 1994) . Crustal xenoliths and spinel and clinopyroxene megacrysts also occur in the RPVF suite. The mantle xenoliths for this study were collected from six of the volcanic necks: Cerro Negro, Cerrito Negro, Cerro Vacio, Cerro de Santa Rosa, Cerro de Guadalupe, and Cerro de Santa Clara. These volcanic necks span a 100 km distance through the volcanic field, thereby providing the opportunity to obtain a transect across the mantle in this region.
Spinel lherzolite xenoliths from Kilbourne Hole, in the Potrillo volcanic field in southern New Mexico, were also analyzed in this study. The Potrillo volcanic field is located within the axis of the southern Rio Grande Rift, and is dated at 80,000 years (Bussod and Williams 1991) . High e Nd values of +4.7 to +6.3 suggest an asthenospheric source for the host basanites (McMillan et al. 2000) . Pyroxenite and crustal xenoliths, and clinoand orthopyroxene megacrysts are also present at Kilbourne Hole (Padovani and Reid 1989) .
Sample description
The xenoliths studied are spinel lherzolites, spinel pyroxenites, and spinel-free pyroxenites. These were selected from a larger collection of xenoliths for their larger grain size, lack of alteration, minimal evidence for interaction with host basalt, and to provide a suite that allowed for comparison of different xenolith textures and samples from different volcanic necks.
Lherzolite samples contain $50% olivine, $30% clinopyroxene, $15% orthopyroxene, and $5% spinel; however, proportions vary somewhat, and some ''lherzolite'' samples have less than 40% olivine, placing them within the olivine websterite field. For this study, we classify any xenolith with more than $10% olivine as a lherzolite, and those with little to no olivine are classified as pyroxenites.
Lherzolite samples from the RPVF exhibit a granular to protogranular texture, with grains of orthopyroxene and/or olivine up to 2 mm in diameter surrounded by smaller grains (Fig. 2a) . In lherzolites, spinels are brown in color, reflecting high Mg and Cr contents, and are small, irregularly-shaped grains located along grain boundaries. In some cases, a reaction product of glass ± plagioclase ± olivine surrounds spinel grains, which is interpreted as a decompression feature formed during ascent. Deformation bands and subgrain boundaries are common in olivine and locally present in pyroxenes, but deformation features are not ubiquitous in the RPVF xenoliths. In lherzolites from the northern volcanic necks (Cerro de Guadalupe and Cerro de Santa Clara), a subtle foliation is indicated by a shapepreferred pyroxene orientation and planar concentrations of spinel. Deformation microfabrics are less commonly observed in the xenoliths from the southern volcanic necks. Two of the studied lherzolites (CSR27 and CTON57) show exsolution between clino-and orthopyroxene. Two lherzolites studied from Cerro de Santa Rosa (CSR20, CSR27) contain both green olivine and red altered olivine. Petrographically, the red color is a result of hair-like fibers; these are magnetite ± hematite based on TEM and rock magnetic analyses (Callahan et al. 2004 ). Carbonate is rare in lherzolite xenoliths, although sample CTON53 contains fine-grained carbonate associated with a reaction of spinel to melt. Authigenic carbonate, chlorite, and clay minerals also occur as alteration products in fractures in some lherzolite xenoliths.
Fluid and glass inclusions in lherzolite xenoliths are typically found along planar trains in clino-and orthopyroxene that locally continue across grain boundaries; however, some samples lack fluid inclusions altogether. Lherzolite xenoliths studied here (CSR27, CSR3, CN4) locally include spongy-textured clinopyroxene, and, less commonly, orthopyroxene (Fig. 2b) . Glass is present along grain boundaries and within some clinopyroxene grains from Cerrito Negro lherzolites (CTON53, CTON57), but is nearly absent from the other studied lherzolites.
Pyroxenite xenoliths, characterized by a near absence of olivine, fall within three categories based on spinel characteristics. Mineral compositions for the different pyroxenite types are given in Porreca (2005, in preparation) . Spinel-absent pyroxenites (SAPs) are found only at Cerrito Negro (CTON1, 2, 7, 10, 16, 55, 58) (Fig. 2c) . The SAPs contain large clinopyroxene (<3 mm in diameter) associated with smaller grains of orthopyroxene. Large augite grains typically exhibit exsolution between orthopyroxene and clinopyroxene, and also contain many small rounded inclusions of orthopyroxene. No prevalent foliation or deformation bands are seen in pyroxenes within the SAPs. Calcite is present in all but one (CTON16) of the SAPs studied, occurring as large discrete grains that exhibit thin growth bands defined by Mn-rich calcite and silicate glass inclusions (Fig. 2d) . These discrete calcite grains are typically included within large clinopyroxene grains and are intimately intergrown with small orthopyroxene grains (Fig. 2d, e) . Calcite also occurs at grain triple junctions where it is associated with silicate glass. Based on textural characteristics and the association with glass, the calcite is inferred to be of mantle origin. Fluid and glass inclusions are abundant in the SAPs.
Black spinel-bearing pyroxenites (BSPs) are present in xenoliths from Cerrito Negro, Cerro de Guadalupe, and Cerro de Santa Rosa. These contain large black spinels up to 2 mm in diameter that are hercynitic (Ferich) in composition. In two samples (CTON6, CTON17), the black spinels are associated with reaction rims around relict garnets (Fig. 2f) , interpreted to have formed during decompression and heating prior to entrainment (Porreca 2005) . Black spinel is typically rimmed by bands up to 0.2 mm wide of melt and recrystallized green spinels, or by wider reaction rims containing abundant plagioclase. Four of the BSPs (CTON9, CTON35, CG31, CG40) contain carbonate (calcite ± dolomite) associated with silicate glass and small green or black spinel grains (Fig. 2g) . This assemblage is interpreted as quenched melt that formed in situ. Phlogopite is present in one BSP studied (CTON35), suggesting local mantle hydration. Melt occurs as glass inclusions in many of the pyroxenes and along grain boundaries in most of the Cerrito Negro BSPs, although it is not observed in the Cerro de Guadalupe or Cerro de Santa Rosa samples. Large pyroxene grains, up to 3 mm in diameter, are surrounded by smaller pyroxenes in many of the BSPs. Coarse exsolution between clino-and orthopyroxene is seen in the BSPs from Cerrito Negro; these samples also have rounded orthopyroxene inclusions in clinopyroxene, much like the Cerrito Negro SAPs. BSPs from other volcanic necks show little to no exsolution in the pyroxenes. Glass inclusions are present along planar inclusion trains in nearly all of the BSPs, although spongy textured clinopyroxene is present in only one sample studied for isotopic analysis (CSR4). No foliation or deformation textures are seen in the BSPs.
Green spinel-bearing pyroxenites (GSPs) are present in xenoliths from Cerro Vacio, Cerro de Santa Rosa, and Cerrito Negro. These are distinguished from the BSPs by the presence of large (0.5-4 mm in diameter) green spinel with darker rims; this zoning may reflect Mg-rich cores with Fe-rich rims (Fig. 2h) . In the GSPs, spinels are always associated with reaction rims rich in glass and plagioclase. Although most GSPs have a granoblastic texture, others contain large clinopyroxene megacrysts. Spongy clinopyroxenes with abundant fluid/melt inclusions are common in the GSPs, and fluid inclusions also locally occur in planar trains in orthopyroxene. Glass is present in many fractures and grain boundaries in the GSPs from Cerrito Negro and Cerro de Santa Rosa. In the Cerro Vacio GSPs, glass is present in large reaction zones of fine-grained brown alteration with plagioclase, olivine, clinopyroxene, and small Fe-rich spinel grains. No deformation textures or prevalent foliation occur in the GSPs, with the exception of CTON56, which shows undulatory extinction in ortho-and clinopyroxene, indicating subgrain development. A pyroxenite from Cerro de Santa Clara (CSC25), containing small brown spinels similar to the spinel in the lherzolites, was analyzed for oxygen isotope composition. This sample has a granoblastic texture with no obvious deformation microstructures. Fluid inclusions are present along planar trains in clinopyroxene and orthopyroxene.
The Kilbourne Hole spinel lherzolite xenoliths are medium to coarse-grained and have a protogranular texture with no prevalent fabric. These xenoliths were not examined in thin section, but are probably equivalent to the Group I protogranular lherzolites described by Roden et al. (1988) , and Kil and Wendlandt (2004) . Petrographic descriptions, bulk rock geochemistry and mineral compositions from similar xenoliths from Kilbourne Hole are well documented (Kyser et al. 1981; Roden et al. 1988; Kil and Wendlandt 2004) .
Methods
Mineral separates from 38 xenoliths were analyzed for their oxygen isotope composition. For preparation, the surrounding basalt and alteration rinds were cut and removed. Samples were crushed, sieved to 30-60 mesh, cleaned in an ultrasonic bath for 30 min, and dried at 50°C for a minimum of 24 h. Approximately 15-20 grains of each mineral present (olivine, clinopyroxene, orthopyroxene, spinel, and calcite) were handpicked under a dissecting microscope. Mineral grains were preferentially chosen to avoid grains with discernable mineral inclusions or alteration. For each mineral, 1.5-2.5 mg of the separates were placed in a laser extraction line under vacuum for 48 h prior to fluorination and oxygen isotope analysis.
Oxygen isotope analyses for silicates and spinel were made using the laser fluorination method of Sharp (1990) . Samples were heated with a 25-W Merchantek CO 2 laser in a BrF 5 or F 2 atmosphere, releasing O 2 . Unreacted reagent and SiF 4 produced by fluorination were frozen in a liquid nitrogen U-trap and excess F 2 was neutralized with a heated NaCl trap. Purified O 2 was collected in a zeolite cold finger prior to introduction into the mass spectrometer. (Hut 1987) .
Calcite separates of 1.5-2.5 mg from four samples (CTON1, 2, 7 and CG40) were analyzed for oxygen and carbon isotopes. CO 2 was extracted from calcite at 50°C with phosphoric acid (McCrea 1950 Figs. 3, 4) . These data, obtained by laser fluorination, show notably less variability than the results for three Kilbourne Hole xenoliths by Kyser et al. (1981) using conventional extraction techniques. The results for olivine, orthopyroxene, and spinel fall within the range of results obtained by Kyser et al. (1981) ; however, the clinopyroxene d
18 O values obtained by our study are notably lower than those of Kyser et al. (1981) , and three of the four analyses show isotopic disequilibrium between olivine and clinopyroxene.
Compared to a global compilation of mantle spinel lherzolite xenoliths (n=27, Mattey et al. 1994) (Fig. 3a-c (Mattey et al. 1994) lie within the typical mantle range of À5 to À8& reported for carbon in xenoliths and carbonatites, however, the d
18 O values are well outside the range for primary carbonatites (+6 to +9&) (Javoy et al. 1986; Deines and Haggerty 2000) . Expected D 18 O cc-cpx fractionations at mantle temperatures are $ 2-4& (Chiba et al. 1989; Rosenbaum et al. 1994a) (Lee et al. 2000) , the Pannonian Basin in Hungary (Deme´ny et al. 2004) , the Big Creek pipe in the central Sierra Nevada (Ducea et al. 2005) , and in clinopyroxene megacrysts in kimberlites from the Slave Craton (van Achterbergh et al. 2002) .
Discussion

Isotopic disequilibrium and metasomatizing fluids
The oxygen isotope compositions of the RPVF xenolith suite indicate that isotopic disequilibrium existed within the mantle prior to entrainment of the xenoliths in the host basalts. This section explores possible causes for the disequilibrium. The RPVF lherzolites have unusually high olivine d
18 O values and abnormally low clino-and orthopyroxene d
18
O values, when compared to typical mantle averages (Fig. 3) . These discrepancies can not be explained by a single process, and require separate events to explain the olivine and the pyroxene data.
In the RPVF xenoliths, olivine typically shows little textural evidence for metasomatism, and the high d
18 O values may be representative of the region prior to the metasomatic event affecting pyroxene. As the xenoliths from The Thumb and Kilbourne Hole also have olivine d
O values above the mantle average, we suggest that 18 O enrichment over 'typical' mantle may be a regional phenomenon. An 18 O-rich fluid released during lowangle subduction of the Farallon slab has been proposed to explain high d
18 O values in hydrous eclogite xenoliths from the Navajo volcanic field (Smith 1995; Smith et al. 2004) .
The negative D 18 O px-ol fractionations in the RPVF lherzolites are not predicted by theoretical calculations (Zheng 1993) nor supported by experimental studies (Chiba et al. 1989; Rosenbaum et al. 1994a) . Negative D
O px-ol fractionations have been reported by Kyser et al. (Kyser et al. 1981 ) in a study that used conventional fluorination. These results were explained by open-system metasomatic processes (Gregory and Taylor 1986a, b) and called into question following the advent of laser a Temperature calculated using theoretical fractionation factors for spinel and orthopyroxene from Zheng (1991 Zheng ( , 1993 fluorination. Mattey et al. (1994) (Farver 1989; Rosenbaum et al. 1994b ). Preferential metasomatic alteration of pyroxenes and accompanying larger variability in pyroxene d
18 O values has been noted in lherzolites (Mattey et al. 1994 ) and eclogite xenoliths (Deines and Haggerty 2000) . (Mattey et al. 1994 ). KH1 Kilbourne Hole by conventional extraction (Kyser et al. 1981 (Hallett 1994) . At temperatures in excess of 900°C, d
O basalt-cpx fractionations should be less than 0.5& (Matthews et al. 1998; Zhao and Zheng 2002) , so pyroxenes in equilibrium with the host basalts from these volcanic necks would have d
O values above +5.7&, which was not observed. Thus, the metasomatic event causing isotopic disequilibrium must have occurred prior to entrainment within the host basalt.
The pyroxenites have unusually low pyroxene d
18 O values and commonly show isotopic disequilibrium between the two pyroxenes (Fig. 3c, d ), suggesting a metasomatic history similar to that of the lherzolites, by interaction by low d 18 O fluids. On average, the pyroxenites pyroxene d
18 O values are less than 0.1& lower than those in lherzolites. Bulk rock and clinopyroxene major element compositions suggest that the RPVF pyroxenites formed from a combination of basaltic melt, lherzolitic mantle, and a Ca-rich carbonatite component (Porreca 2005) . The basaltic and carbonatitic components in the pyroxenites in the RPVF could be derived from subducted oceanic crust (Porreca 2005) , which would also provide a source for low d 18 O melts. Taylor et al. (2003) interpreted an origin for pyroxenite xenoliths from the Obnazhennaya kimberlite, Yakutia by a similar model involving mixing of slab-derived silicate and carbonatite melts and lherzolite to reconcile major element, Eu, and oxygen isotope geochemistries.
Spinel d 18 O values are markedly different between the lherzolites and pyroxenites (Fig. 4) Zheng (1991 Zheng ( , 1993 (Zheng 1991 (Zheng , 1993 . However, reaction margins surrounding spinel in pyroxenites are (Deme´ny et al. 2004) ; EAR East African Rift (Lee et al. 2000) ; BC Big Creek, Sierra Nevada (Ducea et al. 2005) ; SC Lac de Gras, Slave Craton (van Achterbergh et al. 2002) . Bulk mantle from Harmon and Hoefs (1995) and Deines (2002) . Authigenic carbonate compositions from the southwestern U.S. from Quade et al. (1989) , Wang et al. (1996) , and Mack et al. (2000) . Ophicarbonate compositions from Jedrysek and Sachanbinski (1994) . Data for sedimentary carbonate reservoirs after Arthur et al. (1983) typical of disequilibrium textures, and the temperatures are hotter than those obtained by two-pyroxene thermometry on the pyroxenites (950-1,145°C 18 O values from +2& to greater than 14&, depending on the temperature of hydrothermal exchange with seawater (Muehlenbachs 1986 ). This large range in d
18 O is preserved in kimberlite-hosted eclogite xenoliths (MacGregor and Manton 1986; Ongley et al. 1987; Neal et al. 1990; Snyder et al. 1995) . Incorporation of previously subducted altered oceanic crust into the source regions in the mantle has been proposed as an explanation for low d
18 O values in phenocrysts in ocean island basalts and mid-ocean ridges with no clear geographic link to subduction (Eiler et al. 1997; Cooper et al. 2004; Deme´ny et al, 2004; Xia et al. 2004) , although others have suggested that crustal assimilation is the most common mechanism for shifting d
O values from their normal mantle value (Eiler 2001) . In the case of the xenoliths under the western United States, d
18 O values that are lower than normal mantle strongly argue for altered oceanic crust as the cause of the shift. Crustal contamination would almost invariably cause an increase in the d 18 O value the xenolith protolith. Altered oceanic crust is the most likely method to create a low d
18 O source region for metasomatizing fluids and melts beneath the RPVF.
High d
18 O calcite
The carbonates in the RPVF xenolith suite provide an intriguing opportunity to investigate the origin of carbonatite melts, the composition of metasomatic fluids and the timing of their infiltration. Carbonates in mantle xenoliths have been reported from many tectonic settings globally, including continental rifts (Ionov 1998; Lee et al. 2000) and subduction zones (Laurora et al. 2001; Deme´ny et al. 2004 ), but have been reported from only two localities in southwestern North America. Carbonates occur as inclusions in garnet in peridotite xenoliths from the Navajo volcanic field of the Colorado Plateau (McGetchin and Besanc¸on 1973; Hunter and Smith 1981; Smith 1987) , and as globules and veins in peridotite xenoliths from Big Creek, Sierra Nevada (Ducea et al. 2005) . Textural evidence suggests that the calcite in the Cerrito Negro pyroxenites formed in the mantle prior to eruption. Individual calcite grains, both included in clinopyroxene and in the matrix, show pronounced Mn zoning and contain bands of silicate melt inclusions along the growth zones. Additionally, the calcite inclusions in clinopyroxene are intergrown with and contain inclusions of orthopyroxene (Fig. 2d, e) , suggesting cotectic crystallization of the two phases (Wyllie and Lee 1998 (Deme´ny et al. 2004; Ducea et al. 2005) .
The high d 18 O values of the calcite must have originally equilibrated in a near-surface environment and been brought to the mantle during subduction. d
18 O values above +20& are limited to a few rock types present in oceanic crust, including most calcareous sediments (marls), ophicarbonates (carbonate veins in serpentinites), and altered pillow basalts (Staudigel et al. 1981; Jedrysek and Sachanbinski 1994) . Oceanic crust subducted to 70 km has been shown to preserve its original oxygen isotope composition (Cartwright and Buick 2000; Miller et al. 2001) , and d
18 O values up to +17& of coesite inclusions in diamondiferous eclogite xenoliths have been interpreted as evidence for a sedimentary origin (Schulze et al. 2003) .
The d 13 C values are ambiguous in distinguishing among the possible sources for the isotopically distinct reservoir of carbonate in the mantle. Most marine carbonates have higher d 13 C ($0&), whereas reduced organic carbon has an average d 13 C of À23& (Arthur et al. 1983 ). The d
13 C values of ophicarbonates range from À5 to À20& (Jedrysek and Sachanbinski 1994) . The Rio Puerco xenolith RPVF calcites have O and C isotopic compositions similar to ophicarbonates, but also could also be explained by a mixture of subducted calcareous material and reduced organic carbon (Fig. 5) . Subducted carbonaceous sediments have been interpreted as the source for high d
18 O (+20 to +22&) calcites in the Pannonian Basin and the Big Creek lherzolite xenoliths (Deme´ny et al. 2004; Ducea et al. 2005) . The high d
18 O value (+14&) of carbonate globules in the Slave craton kimberlites represents quenched melt derived from partial melting of a carbonated peridotite with a component of subducted crust (van Achterbergh et al. 2002) .
Tectonic model for metasomatism of the RPVF lithosphere Subduction is the sole mechanism for introducing both low and high d
18 O isotopic reservoirs into the mantle to provide a source region for the metasomatic fluids beneath the RPVF. The major subduction events affecting the southwest United States lithosphere are associated with continental accretion in the Paleoproterozoic and the late Cretaceous to early Tertiary subduction of the Farallon plate beneath western North America (Fig. 6) .
Regardless of which event was the primary source of the subduction component, an isotopically distinct reservoir must have been preserved in the mantle for an extended period of time prior to metasomatism. The RPVF necks sample different locations across the Jemez lineament, a Proterozoic structure that may have been a subduction zone with a northwest-southeast vergence direction (Dueker et al. 2001 Tertiary subduction of the Farallon slab extended at least to the central Colorado Plateau, where diatremes host eclogite xenoliths with Tertiary-age zircons both directly from the Farallon slab (Usui et al. 2003) and as products of dehydration of this slab (Smith et al. 2004) . Seismic images show a foundering slab now below the Great Plains (Van der Lee and Nolet 1997; Bunge and Grand 2000) . During the mid-Tertiary, the lithospheric mantle extended to 150-200 km (Humphreys and Dueker 1994) , and may have been in direct contact with the subducted slab (Fig. 6a) (Humphreys et al. 2003) .
At a depth of 175 km, dehydration of subducted sediment and metabasalt occurs between 600 and 800°C, and dehydration of serpentinites is largely completed by 625°C (Ulmer and Trommsdorff 1995) . Ophicarbonate undergoes decarbonation at somewhat higher temperatures (Kerrick and Connolly 1998) , and the solidus of carbonated eclogite is reached at 1,100-1,300°C (Yaxley et al. 1998; Hammouda 2003; Dasgupta et al. 2004) , and of carbonated peridotite at 1,250-1,350°C (Canil and Scarfe 1990; Dalton and Presnall 1998) .
Given the above constraints, hydrous and carbonate phases could have remained in the slab beneath much of southwestern North America, including the RPVF and Kilbourne Hole, for an indefinite period of time. Fluids or melts ultimately released from the slab into the overlying mantle could have had d
18 O values that were either higher or lower than typical mantle depending on their origin. During flat slab subduction, the temperature beneath the Colorado Plateau was likely sufficient to dehydrate metabasalt and sediment, yet still too cold to release of CO 2 from other parts of the slab. Thus, the low d
18 O portion of the slab may have been unaffected by heating while the upper portion of underwent dehydration (Fig. 6a) . Subsequent detachment of the slab and the onset of rifting would have led to asthenospheric upwelling and widespread heating in southwestern North America in the mid-Tertiary (Fig. 6b, c ) (Humphreys et al. 2003) . Mantle xenoliths from the Colorado Plateau record heating from £ 950°C to over 1,150°C between 25 and 30 Ma, confirming the Tertiary temperature rise (Smith and Barron 1991) . This heating likely caused partial melting of the crustal portion of the slab, regardless of whether that crust was part of the detached slab (Fig. 6b) or remained attached to the overlying continental lithosphere (Fig. 6c) . The temperatures were likely sufficiently high to generate both low d
18 O basaltic melts from altered oceanic crust and high d 18 O carbonatitic melts or carbonic fluids from carbonated eclogite and/or ophicarbonate.
The potential for melt immiscibility (Lee and Wyllie 1997; Brooker 1998) and the high viscosity contrast between carbonate melt and silicate melt provide effective mechanisms for physical separation of the two melt types and preserve isotopic differences between them. Alternatively, low d
18 O basaltic melt and high d 18 O carbonatite melt may have been released at different temperatures and times, thereby allowing them to preserve their isotopic composition. In this case, isotopically and chemically distinct melts would remain separate during ascent to the spinel-facies mantle, regardless of conditions governing immiscibility.
Preservation of both high and low d 18 O reservoirs in the mantle can only be achieved if there was minimal interaction with surrounding mantle as the melt or fluid moved upward into the mantle of the spinel facies. This could be accomplished if melt/fluid ascent to the spinel facies occurred along discrete fractures (Fig. 6b ) (Hacker et al. 2003) . Reaction margins at the sides of the fractures would armor the ascending melt/fluid from interaction with the surrounding mantle. This mechanism has been shown to hinder vein-wallrock interaction in metamorphosed schists and to preserve fluid d
18 O compositions (Rye and Bradbury 1988; Cartwright and Buick 2000) . It is also a likely mechanism for formation of the pyroxenite xenoliths, which show chemical and petrographic evidence for reaction between spinel lherzolite and basaltic melt ± carbonatite melt.
Xenoliths from Kilbourne Hole, which is located within the Rio Grande Rift, also show evidence for metasomatism by low d
18 O fluids; however, xenoliths from The Thumb, in the Colorado Plateau, show no evidence for interaction with low d
18 O fluids. The lack of metasomatism in the Colorado Plateau samples suggests that low d
18 O fluid or melts either were never released from the slab in this region-due to cooler temperatures-or, once generated, were unable to infiltrate the lithosphere.
Diffusion constraints on timing of metasomatism
Both the lherzolites and the carbonated pyroxenites from the RPVF exhibit isotopic disequilibrium between coexisting minerals. In previous studies, oxygen isotope disequilibrium in mantle peridotites and eclogites had been interpreted as indicative of interaction with fluids or melts associated with entrainment (Deines and Haggerty 2000; Orr and Luth 2000; Zhang et al. 2000 Zhang et al. , 2001 . Using oxygen diffusion data, the occurrence and extent of isotopic disequilibrium can provide an estimate on the timing of metasomatism.
The conditions for instilling negative D 18 O px-ol fractionations in the mantle have been previously explored in detail by Rosenbaum et al. (1994b) for many combinations of fluid compositions and mineral proportions using an open system exchange model with different diffusion rates, grain sizes, and changing isotopic compositions of both phases. Rosenbaum et al. (1994b) showed that diffusion of oxygen in olivine and pyroxenes at mantle temperatures is sufficiently rapid that negative D 18 O px-ol fractionations are unlikely to be preserved after $10,000 years. However, the Rosenbaum et al. (1994b) Rosenbaum et al. (1994b) models to these temperatures suggests that isotopic disequilibrium in the RPVF lherzolites may have persisted for 1-2 orders of magnitude longer (perhaps up to 1 M.y. before eruption).
In previous studies reporting isotopic disequilibrium between carbonates and host silicate minerals in mantle xenoliths, carbonate infiltration was assumed to have occurred less than 1 M.y. prior to eruption (van Achterbergh et al. 2002; Deme´ny et al. 2004; Ducea et al. 2005) , although details regarding how this time constraint was obtained are not well documented. Calcite grains are hosted both as inclusions within clinopyroxene, which composes the bulk of the pyroxenites, and as distinct matrix grains. At mantle temperatures, oxygen self diffusion rates in calcite are 2-6 orders of magnitude faster than in clinopyroxene (Connolly and Muehlenbachs 1988; Farver 1989 Farver , 1994 Elphick and Graham 1990; Ryerson and McKeegan 1994; Labotka et al. 2000; Ingrin et al. 2001) , so that no diffusional gradients should exist within the calcite itself. Models using the assumption of fast grain boundary diffusion suggest that the diffusion rate of oxygen in calcite should determine its d
18 O value, as the faster diffusing calcite is surrounded by a large volume of slowly diffusing clinopyroxene with extremely high surface area (Eiler et al. 1992; Jenkin et al. 1994) . In either case, the clinopyroxene is modally dominant and the d 18 O value of the calcite is determined using the equation of Crank (1975) for a semi-infinite medium adjacent to a plane of constant composition: 18 O cc-cpx using the fractionation factor (a cc-cpx ) of 2.37 for a given temperature (T in K) (Chiba et al. 1989) Eiler et al. (1992) and Jenkin et al. (1994) , the diffusion coefficients for calcite determine the degree of exchange with the hosting clinopyroxene (Table 3) . Pressure, cation composition, and the presence of water strongly affect the rate of oxygen diffusion in calcite (Kronenberg et al. 1984; Labotka et al. 2004 ). This study uses the results from the studies at 100 MPa by Farver (1994) and Labotka et al. (2000) , for hydrous and anhydrous conditions, respectively. At this pressure, and presumably higher pressures as well, diffusion is accomplished through movement of individual O atoms, whereas migration of CO 3 2À anions is the dominant mechanism for diffusion in calcite at low pressures (Labotka et al. 2004) . Using the anhydrous calcite diffusion rates at 1,100°C, d
18 O cc values could remain above +20& for only 4 years and above +15& for only 14 years; calcite with an original d 18 O=+30& would be reduced to its current isotopic composition in $10 years (Table 3) . Even for grain radii an order of magnitude larger than assumed here, exchange rates are extremely rapid. High d
18
O values of the calcite can thus only be preserved if carbonic melt was emplaced in the xenoliths very shortly before eruption, and therefore may have been part of the process that triggered the eruption.
Conclusions
Oxygen isotope geochemistry of the RPVF xenoliths record disequilibrium metasomatic processes that occurred immediately prior to eruption and entrainment at 4.5-2.0 Ma. Low d
18 O values in the pyroxenes are consistent with interaction with a metasomatic component derived from subducted altered oceanic crust. Unusually high d
18 O calcite in the RPVF xenoliths likely crystallized from carbonatite melts derived from melting of subducted ophicarbonate and/or carbonated eclogite. The Farallon slab, subducted in the late Cretaceous and early Tertiary, is favored as the source for melts derived from subducted crust. The mobilization of slab-derived melts is interpreted to result from subsequent rift-related heating and asthenospheric upwelling, during which the low d
18
O melt and lesser volumes of high d
18 O carbonatite melt were mobilized and ascended to the spinel-facies mantle. Pyroxenes within lherzolites were preferentially affected by metasomatism, whereas olivine shows little petrographic or isotopic evidence for interaction with ascending melts or fluids. Pyroxenites formed via extensive interaction of spinel lherzolite with both low d
18 O silicate melt and high d 18 O carbonatitic melt, probably along the margins of melt conduits. The lack of isotopic and textural reequilibration within the pyroxenites indicates that the mantle sampled by the RPVF underwent metasomatism immediately prior to entrainment in the host basalts. However, direct interaction with the host basalts is precluded by the fact that the basalts were derived from garnet-facies mantle (Hallett 1994 ) and the xenoliths represent spinel-facies mantle. Xenoliths from Kilbourne Hole show similar evidence for isotopic disequilibrium. Metasomatic modification of the mantle immediately prior to eruption thus appears to be a widespread phenomenon in the Rio Grande rift, and likely played a role in triggering partial melting within the deeper source region for the host magmas.
